Controlled nucleation of InAs quantum dots has been achieved by Ga + focused ion beam modification of GaAs(100) surfaces. Quantum dots may be induced in irradiated regions despite the fact that the deposited thickness is less than the critical thickness for their formation under typical growth conditions when the ion dose is greater than 10 13 ions cm −2 . We also find that the dot density increases with increasing ion dose, and reaches saturation for D > 10 14 ions cm −2 . Parameters such as dot height and diameter are unaffected by the dose level. Thus, we show that the increase in dot density is a result of diffusion of adatoms from outside the patterned region. The mechanism for enhanced quantum dot formation is due to the formation of monolayer deep holes created in the substrate by the ion beam, which may be used to form regular arrays of quantum dots.
Introduction
InAs quantum dots are of interest for optoelectronic devices in the important 1.3-1.55 µm telecom optical fiber window [1, 2] and show strong potential for discrete photon emitters [3] . There are numerous schemes to control the nucleation locations of the dots [4] , ranging from standard lithographic techniques [5, 6] to atomic force lithography [7, 8] and patterning using a scanning tunneling microscope [9] . Recently, focused ion beams (FIBs) have been used to direct the nucleation of Ge dots in the Ge/Si(001) system [10] [11] [12] . In that work, FIB directed nanostructures show promise for computing applications in the form of quantum cellular automata. However, since it is based around a material with an indirect band gap, photonic applications are unlikely.
FIB patterning [9] and subsequent self-assembly of quantum dots [13, 14] has also been demonstrated for the III-V compound semiconductors. Sun et al obtained continuous lines of InP on FIB patterned GaAs [13] , while Morshita et al obtained discrete InAs dots that have nucleated along the side walls of FIB patterned holes in GaAs [14] . As such, FIB patterning has emerged as a viable tool for the fabrication of photonic and optoelectronic devices [15, 16] . The mechanisms for the preferential assembly of these features on ion-induced patterns is still in question. In this paper, we examine the effect of a rastered ion beam on the assembly of InAs quantum dots. We show that the mechanism that governs the FIB directed self-assembly of quantum dots on these broadly dosed regions is the formation of surface holes by the ion beam that act as a sink for In adatoms.
Experimental details
Samples were grown using an EPI 930 molecular beam epitaxy system on GaAs(001) substrates. Typical values for growth rates were R Ga = 0.75 monolayers/second (ML s −1 ), R In = 0.25 ML s −1 , R As4(low) ∼ 1.0 ML s −1 and R As4(high) ∼ 2.2 ML s −1 . Two different As 4 fluxes were employed to give similar III/V flux ratios while growing GaAs or InAs. After oxide desorption, an h = 400 nm GaAs buffer layer was grown at a substrate temperature of T = 580
• C under high As 4 flux. Following buffer layer growth, the sample was annealed at T = 580
• C under high As 4 flux and then allowed to cool to room temperature under low arsenic flux. When cool, the sample was transferred under vacuum to a chamber attached to the growth system containing a FEI Magnum FIB system. The FIB was employed to treat 5 µm × 5 µm squares with increasing ion doses D in the range 1 × 10 12 < D < 8 × 10 16 ions cm −2 , giving predicted sputter depths of 0.004-14 ML [17] . In each 5 µm × 5 µm area, the pixel spacing was ∼30 nm, which is smaller than the ion beam size, with the pixels arranged in a square 169 pixels on a side. Each square was dosed in a single pass with a 30 keV, 7.5 pA beam moving down the square in a serpentine fashion. After treatment, samples were returned to the growth chamber under vacuum and the sample temperature was raised to T = 530
• C. Because the sample never left the vacuum system, issues often observed with regard to preferential oxidation due to ion irradiation [18, 19] are circumvented. Thin layers of InAs (1.7 h 2.4 ML) were deposited at T = 530
• C under a low arsenic flux while the surface had a c(4 × 4) reconstruction. Following growth, samples were quenched to room temperature under low As 4 flux. Samples were characterized ex situ using a Digital Instruments Nanoscope III atomic force microscope (AFM) in tapping mode.
Results and discussion
The growth of a thin lattice mismatched layer on a substrate irradiated by FIB results in an apparent reduction of the critical thickness for quantum dot formation. Figure 1 shows a series of AFM micrographs of InAs films grown at T = 530
• C and R In = 0.25 ML s −1 and R As = 1.0 ML s −1 on GaAs(001) that were patterned by the FIB at various ion beam doses. In this AFM image, no quantum dots are apparent outside of the dosed region but do appear within the patterned areas for h = 2.0 ML. Furthermore, the dot density is higher for higher ion doses. For a greater thickness, h = 2.4 ML, quantum dots develop across the entire surface, but have a higher density and size distribution within the irradiated regions. Thus, we demonstrate that the critical thickness for quantum dot formation is reduced by FIB patterning. For these growth and patterning conditions, the average diameter of self-assembled quantum dots outside the dosed regions is 29 nm, with an average height of 5 nm. Figure 2 shows a plot of the average diameter (figure 2(a)) and average height (figure 2(b)) for film thickness 1.7 ML h 2.4 ML and various ion beam doses. These plots demonstrate that, although the average diameter and height are somewhat less than those of quantum dots assembled in the absence of ion irradiation, the standard deviations (denoted by the error bars) are larger for these growth and patterning conditions.
Examination of the behavior of quantum dot formation as a function of thickness deposited and ion beam dose shows that the quantum dot density increases with increasing dose, a trend that is robust over three orders of magnitude in the ion beam dose. Figure 3 shows a plot of the quantum dot density N as a function of ion beam dose D and film thickness h. The density of the dots is altered for doses D > 10 13 ions cm −2 . Below this dose, there is no discernable change in the quantum dot density within the treated region compared to the untreated areas, in agreement with results for similar experiments on FIB-directed assembly of Ge quantum dots on Si [20] . For h = 1.7 and 2.0 ML, there were very few quantum dots observed in the undosed regions. Given the size of the AFM micrographs gathered, the maximum dot density is estimated to be N < 2 × 10 7 cm −2 for these samples. For D > 10 13 ions cm −2 , N increases with increasing D up to some maximum density for all the thicknesses examined in this study. The thickest films reach the maximum density more quickly than the thinner films, and the saturation density increases with increasing deposited thickness. For h = 2.4 ML, the maximum dot density N is N = 4.7 × 10 10 cm −2 , N = 2.9 × 10 10 cm
for h = 2.0 ML, and N = 1.4 × 10 10 cm −2 for h = 1.7 ML. The maximum dot density increases with increasing deposited thickness simply due to the fact that the amount of material available for the formation of quantum dots is greater for larger thickness. Despite this increase in the dot density, the quantum dot diameters and heights do not vary with the ion dose or thickness deposited, as can be seen in figure 2 .
The fact that the size and height of the quantum dots does not change with increasing ion beam dose despite an increasing dot density suggests two possible mechanisms. The first is that more Ga adatoms from the substrate are available to participate in the nucleation of the dots, perhaps due to increased step edge density induced by the ion beam. In this instance, FIB-induced quantum dots would have a lower In content than self-assembled dots. More likely, however, the increase in quantum dot density may be caused by In adatoms diffusing from outside the treated region. Evidence of enhanced diffusion from outside the dosed region is shown in figure 4 , which shows an AFM image of an h = 1.7 ML InAs film in the vicinity of the D = 1.1 × 10 15 ions cm −2 irradiated region. For this somewhat higher dose, significant roughening within the treated region is apparent, in addition to quantum dot formation. Because the thickness of the film is less than the critical thickness for quantum dot formation, there are no quantum dots outside the dosed region visible in the micrograph. The step structure is discernable outside the irradiated region, while two dimensional (2D) islands and terraces are clearly observed far from the treated region. However, the terraces are denuded of 2D islands within 1 µm of the dosed region in this image, suggesting that the diffusion length of adatoms on this surface is on the order of 1 µm. Averaged over all irradiated regions for deposited thicknesses of InAs less than the critical thickness for quantum dot formation, the denuded zone is ≈0.75 µm and does not vary with ion beam dose. In this case, a variation in dot density across the 5 µm treated regions would be expected. That is, the density of quantum dots should be larger near the edges of the treated regions than in the center if only In adatom diffusion were responsible for the increase. Such variation is not apparent in the 5 µm regions in these experiments. Thus, it is possible that other factors, such as an enhanced Ga adatom density, may be contributing to the increase in the density of quantum dots in the treated regions. It is interesting to note, however, that for thicknesses of InAs greater than the critical thickness there is no region denuded of quantum dots (see, for example, the h = 2.4 ML films in figure 1 ). This suggests that the nucleation rate of dots is faster than the rate of adatom diffusion for these films. This observation is in direct contrast to what is observed in the GeSi/Si system, where there is a denuded zone that increases in size as a function of ion dose regardless of the thickness of the deposited layer [20] . Several mechanisms by which FIB patterning induces quantum dot nucleation have been proposed for the SiGe system, some of which may or may not be valid for the III-Vs. One is that the Ga + ions alter nucleation through a surfactant-like mechanism [20] . It is doubtful that for very low doses the presence of free Ga on the surface alters the nucleation in these experiments, as any free Ga would be converted to GaAs upon annealing the surface under an As overpressure prior to the deposition of InAs. Nor have we seen any evidence of contamination of the surface by Ga droplets, as have been observed at higher ion doses and energies [9, 18] . On the other hand, ion beam induced surface or sub-surface damage in the form of vacancies and interstitials may influence the heterogeneous nucleation of quantum dots. Ion-induced oxidation of the surface [19] , however, is not a likely mechanism, as the samples remain under high vacuum conditions throughout the patterning and growth process.
If sub-surface damage is a major instigator in FIB directed assembly of quantum dots, then nucleation will proceed even after the damaged areas have been buried. Additionally, high temperature anneals following ion patterning mitigate sub-surface damage and reduce the probability of directed quantum dot nucleation [21] . Figure 5 shows a set of Nomarski micrographs of a GaAs(001) substrate that have been patterned with ion doses ranging from 7.7 × 10 12 < D < 7.7 × 10 16 ions cm −2 ( figure 5(a) ), and a similarly patterned region that has been annealed at T = 580
• C ( figure 5(b) ). The contrast observed for the regions irradiated with D < 5 × 10 14 ions cm −2 pictured in figure 5(a) is not related to variations in height, as AFM images of these regions (not shown) do not indicate appreciable changes in the height profiles. Therefore, we propose that the contrast in these regions arises due to changes in the index of refraction induced by the ion beam alone. Annealing the surface largely removes this contrast for the regions irradiated with D < 5 × 10 14 ions cm −2 ( figure 5(b) ). The contrast in figure 5 (a) for the regions dosed with D > 5 × 10 14 ions cm −2 results from both a difference in the height due to sputtering within this region, and to ion induced changes in the index of refraction. Upon annealing, the ion induced damage is removed, and the remaining contrast is predominantly a result of variations in height due to sputtering.
Surface damage in the form of surface vacancies or roughness created by the ion beam may be another mechanism by which the ion beam induces quantum dot nucleation, as quantum dots have been observed to nucleate preferentially on regions of high step density [13, 22, 23] . In the case of the experiments presented here, regions of increased step density are created when the ion beam roughens the surface and forms surface holes. Figure 6 shows an AFM image of a GaAs(001) buffer layer that has been irradiated with a dose of D = 1.11 × 10 14 ions cm −2 , and returned to the MBE chamber without breaking ultra-high vacuum to be annealed to T = 530
• C, the growth temperature for InAs growth. No InAs was grown, however, as the purpose was to examine the surface morphology prior to quantum dot nucleation. For the D < 10 13 ions cm −2 , there is very little change to the surface, and the irradiated region is difficult to discern from the untreated areas according to AFM (not shown). For higher doses, the step structure is altered as can be seen in figure 6 , which is an AFM of a GaAs substrate that has been irradiated with D = 1.11 × 10 14 ion cm −2 and annealed. The irradiated region is bounded by monolayer high steps, and the interior is characterized by increased roughness in the form of 2D islands and the development of holes in the surface. Figure 7 (a) shows a plot of the average roughness of the dosed and annealed GaAs. This plot shows that the average roughness, which is both an indicator of the increased step density and the amplitude of the height variation within the irradiated regions, is constant for D < 10 14 ions cm −2 and increases for D > 10 14 ions cm −2 . This is expected, as the amount of material expected to sputter from the surface increases with increasing ion dose [17] .
The 2D islands are visible within the treated region shown in figure 6 that are aligned parallel to the raster direction of the FIB during patterning, forming stripes. This is typical for regions irradiated with ion doses D ≈ 10 14 ions cm −2 . It is interesting to note that in these regions the stripe width is two to six times wider than the pixel spacing of 30 nm, which suggests that there is significant coarsening of the pattern upon annealing. Furthermore, the stripe width decreases with increasing dose. Despite the formation of stripes, the overall vicinality of the surface is not changed, and there is only a weak alignment of the quantum dots that are grown on samples that contain these surface stripes. Instead, the subsequent deposition of quantum dots upon these stripes results in a random distribution across the patterned region.
In addition to the increase in step density, small holes develop randomly across the GaAs surface. The holes do not vary in size as a function of ion dose, having an average diameter of 11 ± 6 and 0.65 ± 0.06 nm depth; however, there is a dependence of their density on ion dose. Figure 7 (b) shows a plot of the density of holes across the surface. As with the dot density, the density of holes rapidly increases to a value of N = 10 10 cm −2 at D > 10 14 ions cm −2 , and saturates. In fact, the value of the hole density as a function of ion dose is virtually identical to that of the quantum dot density for the 1.7 ML InAs film (see figure 2 ). This indicates that enhanced quantum dot formation is due to the presence of the ion induced holes, as opposed to a higher density of step edges. These results are also in general agreement with recent results from Hull and co-workers [24, 25] , that show the preferential nucleation of Ge quantum dots on FIB-induced surface holes. As in those results, the holes caused by the ion beam can be used to produce regular arrays of quantum dots. Figure 8 shows AFM images of (a) a GaAs buffer layer that has been patterned with an array of holes spaced 250 nm apart and dosed with a dwell time of 800 µs, followed by an anneal to T = 530
• C. For this set of patterning conditions, the holes are 35 ± 13 nm in diameter and 1.0 ± 0.1 nm deep. Figure 8(b) shows an AFM micrograph of a 2.0 ML InAs film deposited at T = 530
• C upon a similar pattern, having a spacing of 500 nm and a dwell time of 800 µs. Dots having an average diameter of 58 ± 19 nm and height of 12 ± 5 nm nucleate upon the holes, resulting in a fill factor of 98% over a 9 µm 2 region, demonstrating the excellent fidelity of this technique for the placement of quantum dots in specific locations.
Conclusions
We have shown that low doses of uniform irradiation of GaAs substrates by a focused beam of 30 keV 7.5 pA Ga + alter the subsequent nucleation and growth of of InAs quantum dots. Quantum dots may be induced in patterned regions despite the fact that the deposited thickness is less than the critical thickness for their formation under typical growth conditions. The threshold dose for modifying the quantum dot density is 10 13 ions cm −2 , and the dot density increases with increasing ion dose, and reaches saturation for D > 10 14 ions cm −2 . This increase is primarily a result of diffusion of adatoms from outside the patterned region. We also show that the mechanism for enhanced quantum dot formation is due to the formation of monolayer deep holes created in the substrate by the ion beam. The advantages of this technique for dots nucleated on uniformly dosed regions are excellent area selectivity and the ability to control the dot density, a feature potentially useful for optical intensity control in light emitting devices or in tandem solar cells with quantum dots in the active region. Further measurements to evaluate the ion beam-induced defects on the optical properties are planned, but comparisons of annealed and as-grown features suggest that much of the ion beam damage is removed upon annealing.
